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Local membrane ordering of sponge phases at a solid—solution interface
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We report a study of the ordering of the surfactant membranes of cetylpyridiniumchloride—hexanol
in heavy brine sponge phase solutions in the proximity of a quartz surface by simultaneous neutron
reflectometry(NR) and “near surface” small angle neutron scatterifh3-SANS measurement in

a reflection geometry sample cell. The NR results indicate layered surface ordering correlated with
the solid—solution interface and decaying exponentially with depth over distances corresponding to
a few membrane separations. The absolutely normalized NS-SANS results are consistent with
conventional bulk SANS measurements, also indicating that the layered ordering established very
near the surface does not constitute a phase of significant volume. We have compared this local
surface ordering with the dilution behavior observed for sponge and lamellar phases in the bulk. At
low membrane volume fraction the surface layering periodicity corresponds to the bulk sponge
correlation peak, but approaches the smaller periodicities measured for lamellar systems at the same
membrane volume fraction at higher concentrations. 2@2 American Institute of Physics.

[DOI: 10.1063/1.1469602

I. INTRODUCTION interpenetrating and equivalent subvolumes. The characteris-
tic length ds is identified with the average pore or passage
In many situations surfactants in solution organize themsijze of the sponge. Figure 1 shows sketches of the sponge
selves locally as bilayer membranes. Depending on the menand lamellar morphologies and a section of the phase behav-
brane curvature and interactions, these systems exhibit jgr of the CPCl—hexanol in heavy brine system studied here
wide variety of long range symmetries and physical characas a function of the membrane volume fracti¢g and the
teristics. The most widely studied are certainly the distinctivemass ratio of the membrane constituents, hexanol and CPCI.
L. lamellar phases, which are typically refractive, highly The sponge phase region exists over a narrow range of hex-
birefringent and viscous. In a number of systems adjacent tgno| to CPCI ratios, but extends over wide range of mem-
the stability domain of the., phase, the very differerlt;  prane volume fractions exhibiting pore sizes from a few tens
membrane phases are obserVetlln marked contrast t0 15 several thousands of A.
their neighboring phasd,; membrane phases are transpar-  ag e can see from Fig. 1, the isotropic sponge phase is

ent, isotropic and free flowing. In scattering megsurementg,f necessity a bulk phase. Its convoluted morphology could
thesel; phases show no long range order, unlike the ot pe fully accomodated in the proximity of a surface or
phasgs for vyhlch shgrp Bragg pgaks |nd_|ca_te_ the regulargoundary’ while the nearly flat membranes of the nearby
stacking of bilayers with a well defl_ned penqdmm&a. For lamellar phase would stack easily at such an interface. One
L5 phases a much broader correlation pea_k is observed. Thfﬁight therefore expect such contraints would lead to depar-
suggests some less regula_r structure W.'th a CharaCte”Stfﬁres from bulk phase equilibria due to locally significant
lengthds =2/Qs, whereQy is the correlation peak scatter- surface contributions to the free enefgy the present study

Ing vector. . . . we have used a combination of simultaneous neutron reflec-

On the basis of neutron scattering and electrical conduc: ) "
L 2 tometry (NR) and “near surface” small angle neutron scat-
tivity measurements Portet al.” proposed that membranes tering (NS-SANS measurements in comparison with con-
in the Ly phases of the cetylpyridiniumchlorid@PC)— g P

: : : . . ventional bulk SANS to investigate how semi-infinite bulk
hexanol in brine system form a flexible bicontinuous spon-

gelike structuré. In this morphology multiconnected curved spotljgie phatlszsbaccommIOQatel ?trgcturfally to the ordering po-
surfactant membranes separate the brine solvent into pwightial exerted by a single isolate surtace.

To our knowledge, the only previous direct work on
sponge phase solutions at interfaces at length scales compa-

dAuthor to whom correspondence should be addressed. Electronic mail;ab|e to those investigated here are studies on AOT surfac-
HamiltonWA@ornl.gov

YCurrent address: Solid State Division, Oak Ridge National Laboratory, Oal@ant systems in the rather more Severely constrained _geom'
Ridge, Tennessee 37831. etry of the surface forces apparat{®F-A). In these studies
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bulk in NR measurements to simultaneously monitor the
bulk structure below the interface. The “near-surface” quali-
fier reflects that in these measurements beams are at grazing
incidence to the quartz-solution interfacel1°®) and solution
penetration depths are only a cm or so, the NS-SANS signal
represents scattering from depths of orkt—100 um into

the solution.

Our group has used NS-SANS to investigate ordering
induced in threadlike micellar systems at an interface by Poi-
seuille shear flow past a solid surfdde® In those studies
comparison of NS-SANS and conventional bulk SANS Cou-

“ ette shear measurements allowed the identification of meso-
5 L(x. + L scopic flow-induced organization in the near-surface region
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% distinct from the bulk structur® In the case of the sponge

systems measured here under static conditions it would allow
% the detection of similar effects near the interface, such as
% surface-induced nucleation or condensation of mesoscopic

10 30 40 lamellar phase domains on the quartz surface. These could
¢M CpCl-Hexanol membrane volume % easily extend tens gim beyond the surface and the range of
NR without, by reason of membrane alignment or small ef-
FIG. 1. Sketch views of the morphologies of the convolutedsponge fective sample volume, being evident in conventional bulk
phase and the simpldr, lamellar phase for membrane systems, and agANS measurements.

section the phase diagram for the CPCl-hexanol in heavy kfiree M . . . .
NaCl in D,O) system with respect to membrane volume fraciigp, and The reflection geometry solid—solution interface cell

the mass ratio of hexanol to CPCI. A biphasig,+ L3, region exists for ~ used in our measurements is shown schematically in Fig.
mass ratios between those of the shaded pyrandL; phase regions. At~ 2(a). In this cell the sample solution sits in a rectangular
mass ratios above that of the sponge phase a multiphgsit(“isotropic” ) trough 1 mm deep by 25 mm wide extending 30 mn) ()f

region is observed. The dotted circles indicate the positions on the phas . .
diagram of the sponge phases samples at a constant hexanol to CPCI mf&e 82.5 mm Iength I'(Q) of a 12 mm thick slab of pOlIShed

ratio of 1.075, forey =11, 20, 35, and 46 vol % studied by NR/NS-SANS Crystalline quartz. The trough is sealed with a Teflon O-ring
and SANS. The crossed squares correspond to the lamellar phase sampisated in the cell’s stainless steel base. This static cell is
(Muex/Mcpci=0.9) for the serieshy =10, 15, 20, 25, 30, 35, 40, and 45 gimjlar to a larger one used previously in the Poiseuille
vol % measured by SANS to which the sponge results are compared in . , .
Sec. V. sheared solution measurements, so the cell's general design
principles* and overall off-specular scattering geomé&try

have been described in detail elsewhere. The NR/NS-SANS
Petrovet al” and Antelmiet al®° observed oscillations and Measurements were taken on the neutron reflectometer

jumps in compressibility as the distance between two spong/RROR on the HB3A beamline of the High Flux Isotope

solution confining mica surfaces was varied. At closest apReactor at Oak Ridge National Laborato?yIn these mea-

proach Antelmiet al. observed a decrease in the periodicity SUrements MIRROR'’s operating wavelength was2.59 A

of these variations which they interpreted as confinemen(5)\/7\~1°1/°) corresponding to a wave vectd=2m/A
inducedL to L, phase transition. In a previous NR study of =243 A1, NeutronsAentered the instrument through a slit
disordered bicontinuous microemulsions, a system topologi0.22 mm wide in thez direction located 0.95 m from the
cally similar to the sponge, Zhoat al° reported layered Sample position and passed into the quartz slab to meet the
structures at a free solution surface which extended to guartz-solution interface at grazing inciden@agle ;). A
depth of a few correlation lengths. Taken together these rdoose guard slit allowed the full length of the sample cell to
sults strongly suggested that surface induced structurede exposed to the neutron flux. Precisely positioned absorb-

should be expected for sponge phases under the constraintis cadmium barriers meeting the quartz at the ends of the
a solid—solution interface. solution trough ensure that neutrons reaching the detector

beyond the cell are eithefi) specularly reflected at the
Il EXPERIMENT guartz-solution interface exiting at a grazing angle= «;,
: corresponding to a specular scattering vector normal to the

The NR technique uses the specularly reflected beam tmterface &) of magnitudeQg[ a;j]=2k sing;; or (i) have
probe correlated surface structures within a depth rangandergone transmission into the solution followed by scatter-
~5000 A of an interface(General reviews of specular neu- ing event in the solution deflecting them back toward the
tron reflectometry are given by Rusgéknd by Penfold and  solution—quartz interface through which they are again trans-
Thomas'? This is commensurate with both the length scalesmitted.
most strongly characterizing the sponge phase, its pore size The MIRROR instrument is equipped with a translation
and pore—pore correlation length, and the correspondingtage mounted one-dimensional linear position sensitive
lamellar phase spacing and correlations at the same volunuetectof® positioned 3.42 m downstream from the sample.
fraction. The NR/NS-SANS technique presented here useghis allows measurement of both specularly reflected neu-
the small angle scattering from the beam transmitted into th&rons and off-specularly scattered neutrons near the reflection
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FIG. 2. (Color) (a) Schematic of the reflection geometry NR/NS-SANS cell used in our experiments indicating the geometry of incident, reflected and
NS-SANS scattered wave vectors as designated in the text. The vertical scale has been exaggerated foyr NR/MS-SANS data for the 35 vol % sponge
sample. For each of the individual position sensitive detector Stemizonta) at the incident beam grazing angie the position on the detector has been
converted to the off-specular angle=«; . The NR signal runs vertically at the specular positian;- «;=0. The most prominent NS-SANS signal runs
diagonally across the data set approximately at constant angle to the direct beam pasitien= —2«; . (c) The 35 vol % sponge NR/NS-SANS data
normalized to the sample’s NS-SANS scattering volume corrected for absorption and transformed from angular coasdimates{) to reflection plane
scattering coordinate<, ,Q,).
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plane defined by the incident and reflected scattering vectorsonditions of entrance and exit from the solution all@f to
(X,2). In our NR/NS-SANS measurements the detector igoe measured over a limited range Q, sina, ,Q; sina,).

translated in the direction to track the reflected beam as the ~ From Fig. Za) we can see that a conventional SANS

sample angle changes. Its active length in the reflection planeamera detector would be oriented in thez) plane. As
(2) is 100 mm at 0.93 mm per binning pixel, while each noted above the specularly reflected beam width determined

pixel has an active width in the transverse directigh¢f 50  With the detector in thg orientation was 42 mm FWHNL8
mm. The consistent analysis of NR/NS-SANS data taken idl"™m ”f”s- Since the specular be_am has a z@@ptransfer,. .
the geometry presented here allows a more reliable subtralis Width considered as scattering from the sample position
tion of NS-SANS backgrounds to specular reflection mea3-42 M upstream determines the intrinQigresolution of the
surements, thus improving the accuracy of NR determinaScattering measuremetequivalently it is theAQ,=0 re-
tions of interfacial structures. sponse In the detector’s usual NR/NS-SANSorientation
On each pass through the interface the neutron beam withis will be convoluted with the 50 mm detectgr pixel

be refracted if the neutron scattering length density of thewvidth (14 mm rmg, giving a transverse angular resolution of
solution B differs from that of the quartg,.'>?* For the 6.7 mrad rms. At the operating wavelength in these measure-
NS-SANS signal this means that the measured off-speculanents, 2.59 A, this corresponds #9,=0.016 A~.* The
scattering component normal to the interfa@g=k(sina;  detector’s 0.93 mmm pixel width gives the instrument an
+sing;), must be corrected for refraction to obtain the trueintrinsic resolution in the direction that is over an order of
normal component of the scattering vector in terms of in-magnitude better§Q,~0.001 A %. While, due to the small
solution beam grazing anglesy/ and a; (denoting in-  size of the angular term in th®, transform, Eq(2) above,
solution quantities by primgs the resolution in thes direction is about two orders of mag-

nitude better againdQ,~10"°> A™L. The relatively poor

resolution inQ, means that the effective in-solution scatter-

ing vector corresponding to a particular pixel in the NS-
+ SANS data set is given by

Q,=k(sina;+sing)
=K(/Sir? a;—sir? ag+ \sirf a;—sirf a. ) (1)
where «, is the critical angle for total external reflection a
the interface [sin? a,;=\*(Bs—fBo)/m)]. Scattering vector

components parallel to the interface, (y) are not effected

by refraction, so for the« component along the interface in
the reflection plane we may use the normal small angl
approximatiorf>24

Q= Qi+ (8Q,)2+Q;2. ©)

§nclusion of the 6Qy)2 term provides a first order correction
to the effect on the scattering vector of the poor resolution in
they direction (the much smaller contributions from resolu-
tion in the other directions are negligibld his correction to
the scattering vector, which is a rms averaging of the pos-

Q,=0Q,=k(cosa;—cosa;)=Q,(sina;—sina;)/2

=Q,(sina{ —sinay)/2.

2
Due to the small size of the angular term in this transf@m

is about two orders of magnitude smaller tl@pandQ,, in
our scans. For a give®, (i.e., sing +sina;=2sina,) the
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sible scattering vectors contributing to the NS-SANS signal
at each detector pixel, is adequate in the current situation
since the isotropic bulk scattering we observe varies rela-
tively slowly with Q over the measured range.
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The NR/NS-SANS measurements were performed for ) 2((Ms—Mq)L—1+e_(“5_”Q)L)
four bulk sponge phase samples of CPCl-hexdimomass — Vg=Vg,,p~“e-Q > , (5
ratio Myey/Mepe=1.075) in heavy bring0.2 M NaCl in (ns— Q)L

D,0, Debye screening length 6.8) At nominal membrane where o and ug are the absorption coefficients of the
volume fractions of 11, 20, 35, and 46 vol ¥%he respective quartz and solution, respectively. The sample absorption
membrane volume fractions calculated from mass fractionslominates this correction. From transmission measurements
and CPCI and hexanol molecular volumes were 11.1, 20.Gat 2.59 A the values ofig for the 11, 20, 35, and 46 vol %
34.8, and 45.6 vol %.The positions of these samples on the samples were determined to be 1.13, 1.53, 2.18, and 2.56
phase diagram are shown as circled points in Fig. 1. In alem™?, respectively, while that for the crystalline quartz slab
cases they are well within the boundaries of the sponge phase rather lower po=0.04 cm!. These values are high
region?® enough that for all our samples the effective sample volume

Figure 2b) shows the NR/NS-SANS data scan for theis less than 10% of the geometrically possible volume. For
35 vol % sponge sample before full reduction with respect tq us— ugo)L>1 andus> g We may estimate the effective
the sample scattering parameters. Each horizontal row afepth of penetration for the NS-SANS scattering volume as
pixels represents the position sensitive detector signal after
the subtraction of a shutter closed instrument background,
correction for detector efficiency, and normalization to theFor negligible refraction the effective depth probed by the
instrument’s beam monitor count. The vertical axis of theNS-SANS background signal at the specular reflection angle
data set is the neutron beam’s grazing angle of incidemce, IS thenD ¢4~ ai/2us. For the data presented in FiggbPand
Since the MIRROR’s detector tracks the strong specularly2(C) (1s=2.18 cni) this varies from about m in the first
reflected signal it stays at the same position on the detector ggtector scand;=0.03°) to about 6Qum at the maximum
as—a;=0 on the horizontal axis. The major feature in the angle of incidence4;=1.7°).

Def~ L/ug(cota] +cotay) . (6)

reflected signal is a clear peak whey=0.85° (Qr=0.075 For small angles we may approximate the angular de-
AY. pendence of the NS-SANS sample volume from &qg.by
For an incident angle of; the direct beam would be at 1/(cota] +cotal)=al all(a +a})
an apparent exit angle of ¢; (i.e., in data set coordinates
a;—aj=—2a;). To reduce background and avoid damage =a{(1-ai2ay). (7)

to the detector most of the intense direct beam is blocked bgo at a giverQ., the NS-SANS sample volume has an in-
z

a shade beyond the sample cell, but the edge of the beajp e parabolic angular dependence. It is zerode0
above Fhe shadow region and some §|gnal Ieakgge.due to %{F]dai’ =24/ (i.e.,«]=0) and a maximum in the symmetric
scattering can be seen as a narrow diagonal stripe just abo%ﬁndition whena! =a!=a,, i.e., for in-solution scattering

. .y . az 1
the true direct beam position in the lower left corner of thewhich will appear at the same final scattering vector as the

data set. For this sample the solution and quartz are nearlyeqjarly reflected beam. This leads to a symmetric inten-
contrast matchedds= Bq), so there is little refractive dis- sity falloff in the NS-SANS signal at a give@., (or a.) with

tortion. Features pa_raIIeI to this stripe are therefore at Conl'ncreasing angular separation from the specularly reflected
stant angle to the direct beam, and consequently at const nal

Q.. At this angle a strong band of NS-SANS signal is ob- Figure 2c) shows a mapping of the 35 vol % data set
served crossing the central region of the data set. Its imers'hown in Fig. 2b) after correction for the angular depen-

section with the reflected beam is at a noticeable offset to thgo e of the NS-SANS scattering volume and transforming
specular peak, clearly indicating a bulk solution periodicityfrom angular coordinatesaf ,a;— a;) to reflection plane

different from that of the local surface structure causing thescattering coordinatesQ,,Q’). In the off-specular region
1 z/"
spe(I::uIaereaterﬁl. h I vol ; , h where this correction applies the NS-SANS cross section for
or NS-SANS the total volume of scattering that CON-this system is seen to be essentially constant over the narrow

tributes to the signal is strongly dependent on the 'n'SO|Ut'0Tange 0fQ, covered for a giverQ, . This partially normal-

scattering angles. The geometrically possible scattering vo zed signal also now shows a more gradual falioff a QW

from a peak shoulder @,~0.065 A%, The steeper falloff

in the measured off-specular scattering signal strength at low
angle in Fig. 2b) is a consequence of a small effective
r%ample volume at small incident and exit angles, i.e., large
“cote; and cotoy .

Full reduction of the NS-SANS signal regions of the
data sets, correcting for refraction, effective sample volume,
and quartz—solution interface transmission, allows us obtain

w2 ’ , the macroscopic differential cross section for the near surface
Voeon= WL/2(cotay + cotay). @ region of the F;olution. In determinations of the specular re-
flectivity from our samples the NS-SANS signal is a back-

The actual effective scattering volume in NS-SANS has theground signal. Since this signal cannot be measured directly
same angular dependence as the geometric volume, but iis the specular region it must be estimated from off-specular
corrected for absorptiot:'® So, measurements. Using the known scaling of the NS-SANS

ume is a wedge of the incident beam widthand triangle
defined by the quartz—solution interface and the limiting
beam paths for neutron entry into the solution at angle
immediately past the leading cadmium barrier and exit at a
anglea; just above the trailing cadmium barrier. These ex
tremum beam paths are indicated in Figg)2This limits the
geometrically possible volume to
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' ' ! As Fig. 3 shows corresponding measurements in the

o o o heaBor SANS and NS-SANS series agree within these levels of ab-
ook 20% o SANS m Ns-sANS | solute cross-section accuracy throughout the commonly mea-
; O T T e suredQ ranges. This simple comparison of the data from

these two instrumental geometries and wavelengths of itself
indicates that there is no apparent shift of the lame(tar
biphasig phase boundary in the bulk due to the presence of
the solid interface and certainly no significant nucleation of
the lamellar phase at the surface.

The structure factor in our fits to the SANS sigiisblid
lines in Fig. 3 was that used by Leét al?® in their small
angle x-ray study of sponge phases in the quaternary sodium
dodecyl sulphate—water—pentanol-dodecane system,

ds/e [em™)

Y
o
Ty

0 0.05 0.1 0.15
Qi SQl=1+

FIG. 3. Comparison of fully reduced NS-SANS dd#pdotted as full sym-
bols) and corresponding bulk SANS measuremeptsen symbolsfor the
11, 20, 35, and 46 vol % sponge samples. Macroscopic cross section
dXs/dQ vs scattering vecto. Fits to the bulk SANS data are shown as The final Lorentzian term describes the pore—pore correla-

solid lines. tion with correlation lengtht; and an average pore sizg
=2m/Q5. This modifies the structure factor calculated by
Roux et al?®*% describing the structure on length scales
signal presented above allows improved estimation of thisnych larger than the pore size in terms of the characteristic
scattering background contribution. Note that the NS-SANSinsjde—outside” order parametek;,, of the solvent vol-
signal corrections themselves involve transmission factorgmes separated by the membrane. We foggdo be effec-
which are determined from the specular reflectivity. ThUStiverinfinite over theQ range probed in our experimerits
this full reduction of the data sets is necessarily an |terat|V%|d Lei et al.in X-ray measurements reaching Scattering vec-
procedure, beginning from initial signal estimates. Iterativeors an order of magnitude lower than those accessible.here
reduction is pal’ticularly important in order to obtain gOOd So this term in the structure factor appears as a Simm
results at low scattering vectors, where transmission varian our fits. In all cases it made only a very small contribution
tion and angular dependence of the Scattering W|” haVe thﬁ] the region of the pore_pore correlation peak position_
strongest effects on initial NR and NS-SANS signal esti-  The form factor used was a relatively simple analytic
mates. The simultaneous reduction of the NR/NS-SANS datapproximation to the Scattering from a randomiy oriented
has the further advantage that the NS-SANS cross sectioRfiscoid of the CPCl—hexanol membrane’s neutron contrast
may be absolutely normalized against easily determined Nighickness for this systent,=20.5 A (see discussion in the
cross sections. Below the critical angle for total reflection thqr]ext SeCtiOD] and transverse radius of gyrati@n Its deriva-
latter depend only on geometric factors and the quartz slafon was inspired by the fact that the form factor used by Lei
transmission which cancels with the common term in thegt g, the average over random orientations of a disc of fixed
NS-SANS signal. The procedure we used to obtain the fullyadiusR and contrast thickness, could only be calculated
reduced NR and reﬂection plane NS-SANS da.ta for the Curnumerica”y_ Testing over th@ range covered in the mea-
rent instrument geometry is outlined in Appendix A. surements presented hdm]d somewhat beyomdhe two
forms were found to be essentially equivalent at the same
transverse radius of gyration, i.e., whét= \/§p as ex-
pected. While use of the analytic form greatly reduced the
Figure 3 shows the fully corrected reflection geometrydata fitting times, for the purposes of comparison with the
NS-SANS determination of the differential scattering crosssimultaneously collected NR measurements, the important
sections for our series of samples on the MIRROR reflectoparameter derived from the SANS data is the pore dize
meter at\ =2.59 A data(full symbolg binned against the This value is derived from the Lorentzian term in the struc-
in-solution scattering vecto® as determined from Ed3).  ture factor and is relatively insensitive to the exact form fac-
They are shown in comparison with conventionally mea-tor. The expression and its derivation are therefore presented
sured and corrected bulk SANS measurements on the sanre Appendix C.
solutions made on the ORNL SANS instrunfénait \ The three structural parametes( &3, andp) obtained
=4.75 A (open symbols The absolute normalization uncer- from the SANS fits are presented in Table I. In all cases the
tainty for the conventional SANS measurements+i§%, SANS values agree witfthe less precisely determinedal-
typical of such measurements. Due to the more complicatedes obtained from the NS-SANS data. Tdevalue for the
geometry and absorption corrections the uncertainties for th&l vol % solution is an exception since the NS-SANS data in
NS-SANS measurements are somewhat larg&0%. (This  this case does not extend to low enouglo allow an accu-
is discussed in detail in Appendix B. rate determination of this parameter.

AarctariQé;,/2) N B

. (8)
Q 1+(Q—Q2)%8

III. NS-SANS AND SANS DATA ANALYSIS
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TABLE |. Fitting parameters derived from SANS and NR fits.

SANS fit parametefs NR fit parametef’
Sample
dwm d3=2m/Q3 &3 P bm os Ay Zy d, &

(vol %) R) R) A (vol %) (vol %) (vol %) A A A) ds/d, &, 1d,
11 (11.1 333+ 25 103 23 11+ 3 100 9.2 216+ 15 326+ 12 215 1.02+0.08 0.65
20(20.0 171+ 7 60 21 20+ 3 100 14 124+ 5 165+ 3 109 1.04+£0.04 0.66
35(34.8 94+ 3 52 11 35+ 3 95 29 71+ 3 83+ 2 91 1.12+ 0.04 1.10
46 (45.9 71+ 2 32 6.2 47+ 3 94 42 55+ 3 57+ 2 126 1.22+0.05 2.21

aAll values given are derived from bulk SANS data, but give satisfactory fits to the NS-SANS data. Values consistent within larger errors may be derived
directly from the NS-SANS data. Thi value for the 11 vol % solution is an exception since the NS-SANS data does not extend to low Entouglfow

an accurate determination.

bThe repeatability accuracy of the MIRROR reflectometer in direct and reflected beam position determinations and hence angular calit@aioms ig=or

the instrument’s 3.42 m sample to detector distance and 2.59 A operating wavelength this corresponds to an absolute scattering vectors@rcertainty
~0.0004 AL, This contribution which dominates at low values@j, (i.e., for larger scale structures and critical reflection edge determinatiassbeen

included in the uncertainty estimates of the NR derived parameters given in this table.

IV. NR DATA ANALYSIS below this concentratiorfll and 20 vol% and we note

: . ) again that the 35 vol % sample is almost exactly contrast and
Figure 4 shows the series of specular reflection measurgt action matched to the quartz

ments for the four sponge sampleymbols. Also shown on Since the quartz surface is negatively charged and our

theseglots{t()jashet(jjhfne)gs t:]'e extrapi)latgd NS-SANS back- ¢ stem is cationic we expect an adsorbed membrane on the
ground subtracted from the specular beam region at ea(%{lartz surfacé! The significant neutron scattering contrast

Qg. This sig_nal has been normalized as a specular sign om such a membrane will come primarily from its core, the
[see Appendix A, Eq(A1)] and therefore represents the ef- hydrocarbon tails of CPCl and hexanol. SANS form factor

fective specular reflection contribution of the baCkground'measurements performed by our group gave a value for this

Obviously this signal could overwhelm the true specular "€ hembrane core thickness 0f=20.5-1.0 A3 which is

flection signal near the correlation peak of the NS-SANS.,istent with prior determinations for this syst&mi? Di-

signal from the sponge and & Q] falls at higherQg. In lution law determinations of the full membrane thickness,

practice _for the present case we were able to obtalr_1 statlst{-M by our group(described in Sec. V and Appendi¥ Bive
cally valid specular reflection measurements for signal to

NS-SANS background ratios abovel/3. In order to im- a value of 25.6:0.5 A and are consistent with previous de-

oo . . . erminations for this systeff:*® These values of the full
prove statistics in poor signal to background ratio regions o hickness and the core width give a physically realistic esti-
the data, it was necessary to rebin the measured data ov

L L fMate of about 2.5 A for the surfactant head group layer thick-
several sequential incident angle steps. This is apparent in

: nesses at the membrane surfaces. In order to limit the num-
the broader rms resolution @y at these valuesshown as o
: ber of free fitting parameters we made no attempt to model
horizontal error baps

Fits to the specular reflection sianal are shown as soliéhe fine structure of the surface layer, such as the weaker

. : pe ; 9 : : neutron contrast of these molecular head groups outside the
lines, with the fitting scattering length density profiles as . .

; . , : . . _—core. In any case, these would only contribute significantly to
insets. Satisfactory fits were obtained with the following . . .

. ) ) .“the signal atQg values higher than those covered in our
simple profile model. The quartz superstrate’s Scat};erlngneasurements Our NR fitting model's simplified surface
length density was fixed at the value g4=4.17<10" ' . .

A2 The bulk scattering length density of the solution Waslfé%r ;hgrefore has only a fixed hydrocarbon thicknest, of
modeled by evenly displacing some volume fraction of the =~ "™

: _ 6 R-2. . ) For the scattering length density of this surface layer we
heavy brlneﬁqu 6.40<10° A Wlt_r; ma_ltzenal of scatter used a fixed value of 0.4x 10 ® A2, calculated from the
ing length density of3,,=—0.05x 10" A~2, the averaged

; ! oS molecular volumes of the tails, their scattering lengths and
scattering length density of the hexanol to CPCI mix in our g 'eng

| So the bulk ttering lenath the hexanol to CPCI mixing ratio. The center of the layer was
;R/%r;]ggysamp es. =0 he bulk sponge scattering 1engih ke 4t a fiducial depta=0. The free parameter for this part

of the model was the volume occupation of the adsorbed
Bs= by By +(1— ¢M),3020- 9) layer in this regiongs. We were not able to fit the reflec-
tivity data without including such a layer; and, as the scat-
The bulk volume fraction of membranes,,, was a free tering length density insets in Fig. 4 show, in all caggss
parameter in the fit. Using E€Q) and the values given above nearly unity, as the scattering length density in this surface
the contrast matched condition between the quartz and thayer is close to-0.4x 10 ® A~?for all the data set fits. The
bulk solution occurs forpy =34 vol %. A critical edge for previously measured 3 A rms surface roughness off our
total external reflection allowing absolute normalization ofquartz surfaces was allowed for in the model by a fixed 3 A
the NR/NS-SANS data sets is observed for the two sample&aussian smearing of the fully developed profile. The effect
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FIG. 4. NR measurements for the 11, 20, 35, and 46 vol % sponge sample
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of this smearing on the profile is visible at the boundaries of
the surface layer and acts in a similar manner to a Debye—
Waller factor throughout subsequent reflectivity calculations.
For an isolated surface reflectivity is reduced by the
Nevot—Crocé® factor, exfp—Qzo?], whereo, is the surface
roughness. At the maximu@g in our measurements; 0.15
A1 this smearing of the scattering length density profile
reduces the calculated reflectivity in our fits by a factor of
approximately one-half.

The variation in scattering length density profile giving
rise to the peaks observed in the specular reflectivity was
modeled using a simple damped cosine wave oscillation of
the membrane volume fraction about the bulk value. The
corresponding oscillation in the scattering length density
above the surface layer is visible in the fit insets to the re-
flectivity data plots. The free parameters of this feature were
the amplitude of the oscillatiom ¢, ; its periodicity, d,,
decay depthg,; and the zero phase position,, of the
cosine wave oscillation taken from the center of the surface
adsorbed layer. In the fitting procedukeb,, was constrained
to prevent the pure heavy brine scattering length density be-
ing exceeded at the minimum membrane concentration over
the oscillation. So the average membrane concentration in
the solution has the form,

d[z]=py+Apye F 2o 2m(z—2,)/d,].  (10)

And the scattering length density in solution as a function of
depth is then

Blz]=¢[z]Bu+ (1 ¢[z]) Bp,o-

This fitting model is a direct phenomenological analog
of the fits to the bulk sponge data, since a Lorentzian is
derived from the Fourier transform of an exponentially de-
caying oscillation.

Values ofR[ Qg] for these continuous functional scatter-
ing length density profiles were calculated by approximating
them by a series of fine steps and solving for the dynamical
multilayer neutron reflectivity by the methods described in
detail by Russelt and Zhouet all® (The scattering length
density inset plots in Fig. 4 are calculation multilayer plots.
The calculated reflectivities were averaged over instrument
resolution at each data point and fits to the data obtained by
conventionaly? minimization®’ The values of the param-
eters determined from the NR fit$(,, ¢s, Adnm, Zo, d;,
and ¢,) are shown in Table |.

(11)

V. DISCUSSION OF RESULTS

The local surface structure parameters derived from our
NR measurements may be discussed in the well known con-
text of membrane phase dilution behavior. It was observed
by Porteet al* that for a given sheet structure geometry in

(symbols. Specular reflection coefficierR vs specular scattering vector the bulk th(_a characteri:?‘tic correlatipn |engﬂ3 Obtained.
Qg. The dashed lines show the extrapolated NS-SANS background sufom scattering results will be proportional to the sheet thick-

tracted from the specular beam region at e@ghin the reduction proce-
dure. Solid line fits are calculated from the scattering length density profil
shown in the insets in the upper right of each reflectivity plot. For the 11 an
20 vol % data sets an expanded view of the fit in the region of the local
peaks in the reflection signal due to the surface ordering is shown in insets

at bottom left.

ness and inversely proportional to volume fraction occupied

(})y the sheets, for our systetyy and ¢, respectively. So,

2 t
de=—=C-"

o Coy 12
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For the simplest situation to visualize, flat lamellar struc- T
tures without ripplesd. is simply the lamellar periodicity
d,, the sheets are as close as they can be and the geometrical
constant of proportionalitZ is unity. Curvature and rippling

E
35
of the sheet structure increases the valu€ofor the stiff 6_2
(8]
©

high symmetry case of a bicontinuous cubic structure with-

out ripples, for which the negative Gaussian curvature of the

membranes is constarg, is about 1.5 |deal dilution be- 30
havior would be followed if the constant of proportionality

for a given geometry did not change with concentration,

keeping the experimentally measurable quantitydy,

=Ct),, constant with respect to concentration. However, for 25
these systems thermodynamic fluctuations are an intrinsic

feature of the oscillation forces that dominate the membrane

interactions’® The excess membrane area taken up by fluc- 10 100

tuations leads to an increase @and thusd.¢y, . This ex- ¢M [%]

cess area effect increases with dilution, since the greater

available volume between membranes allows higher ampliE!G. 5. Experimentally determined values df¢y, vs ¢y for the sponge

tude, longer wavelength fluctuations. For lamellar syst@ms (dotted circlesd:=ds) and lamellarcrossed squares.=d,) bulk phase
’ ’ dilution series. Solid line fits to the sponge and lamellar data are calculated

is usually in the range 1-1.3. Sponge phasts=(ds;) are  ysing Eqs(12) and the excess area E43) derived in Appendix D. Dilu-
essentially disordered cubic phases. For this less geomettien scaled parameteds ¢, (solid diamondsandz, ¢y (solid triangleg are

cally regular and more flexible morphology, the reportedcalculated from the period and zero phase position of the layered surface
range of values foC is somewhat below the cubic phase °'@€"nd for the sponge phase determined by NR.

value, typically 1.2—1.4. Also, due to the instrinsic curvature

of the sponge phase, the value is about 20%—30% higher

than for lamellar phases at the same membrane volume frageak, but approaches the periodicities measured for the

tion. lamellar systems at the same membrane volume fraction at
The second last column of Table I gives the ratio of thenigher concentrations.

bulk sponge correlation distanci=27/Q5 determined by The line fits to the sponge and lamellar plotsdfby

SANS and the local depth periodicitl, in the proximity of ~ =Ct,, versus¢,, are adapted from the widely used treat-

the quartz surface determined from our NR measurementsnent of Rouxet al® giving the thermodynamic corrections
At the lowest concentrations this ratio is unity within errors excess area effects in dilute lamellar systems. At low concen-
and as the membrane volume fraction increases the cleafations these fluctuations result in an increas€ipropor-
trend is to a significantly smaller periodicity being estab-tional to If1/¢),]. At the higher membrane volume fraction
lished in the proximity of the solid—solution interface. The range covered by our sample series these fluctuations begin
ratio of 1.22+0.05 for the 46 vol % sample is similar to that to be strongly suppressed by geometrical constraints and a
expected betweed; andd, for bulk sponge and lamellar simple dilution law behaviod ,¢,,~C't), = const begins to
phases at the same membrane volume fraction. Over themerge. The scaling of the plot in Fig. 5 is chosen to empha-
same range the decay of the oscillation expressed as the rase this behavior(A very striking example of this effect
of the decay constant to the surface periodi€ityd, (Table  may also be seen in a high resolution x-ray study of lamellar
| final column) increases by a factor of 4. This trend suggestssystems reported by Freyssingessal*®) In our treatment,
that as the bulk membrane volume increases an at leasthich is derived in Appendix D, the area coefficiedtis
guasi-lamellar ordering is established within a few hundredlescribed as the product of a purely geometric term for the
A of the solid—solution interface. phase in questionC’, and a thermodynamic fluctuation
We therefore used the sheet structure @@) to deter-  term,
mine the experimental values df¢,,=Cst,, from the pore

correlation peaks observed for the bulk sponge by SANS ., kT ko [ C'ty (1—dy)\?
(and NS-SANS$, with the effective surface quantitiek ¢y, C=C"| 1+ 8m<0|n 1+ KeT\ Apin/X
andz,¢y. To allow comparison with a true lamellar phase (13

ordering at similar membrane volume fractions we also in-

clude values ofl ,¢p\,=C,t\, for a parallel series of SANS The fit to the fluctuation corrections to the area factor as a
determinations of lamellar phase periodicity in our CPCIl-function of the membrane volume fractiah,, depends on
hexanol-heavy brine system. This, phase series has a three parametersk,/kgT; the membrane’s bare bending
mass ratio of hexanol to CPCI of 0.9, the positions of thesenodulus in reduced thermodynamic unity =295 K);
samples in the phase diagram are indicated in Fig. 1. Th€'ty,, the product of the geometrizero fluctuation value
variation of these values with the bulk membrane volumeof the area factor and the membrane width; angl,/x, the
fraction for the dilution series are plotted in Fig. 5. Clearly, atshort wavelength cutoff of the membrane fluctuations di-
low membrane volume fraction the local surface layeringvided by a numerical factox~1. The fits shown in Fig. 5
periodicity d, corresponds to the bulk sponge correlationuse consistent values &f,/kgT=0.8, t\,=25.6+0.5 A, and
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A min/x~50 A for both the sponge and lamellar fits. The geo-icity &,/d, the number of these force stef@d therefore any

metrical area parameter for the sponge phagevas 1.25, presumed surface potential range normalized to step size

assuming that the fluctuation suppressed value of the lamelncreased out of proportion to concentration increases.

lar phase geometr€/=1. (Details of the fitting procedure Petrovet al, for instance, observe only 3 force stepgth

are given in Appendix D. the last extremely wealkat 20 vol % and 8 at 40 vol %. In
From Eq.(13) and the equivalentD7) in Appendix D  detailed measurements on series of 9-18 vol % AQT

we can see that a change from dilute solutiofiip,] de- samples near the center of the sponge phase domain, like our

pendence, equivalent to that observed by Reual,**to a  series well away from the boundaries with adjacent biphasic

simple dilution law dependence as fluctuations are suptegions, Antelmiet al® observed the compressibility steps to

pressed at higher concentrations will occur near a transitioR€ periodic at the.3 periodicity. This is consistent with our

membrane volume fraction, observation of surface ordering periodicit@gssimilar to the
sponge phase correlation lenglh at lower concentrations.
KeT[ A pin/X -1 Unfortunately their measurements did not extend to the
dy=| 1+ K_o W . (14 higher concentrations at which we sggapproach lamellar
M

values. In future NR/NS-SANS studies we intend to compare
{Qe change of surface ordering with temperattiia the

OT system with the observed SFA interactions as phase
boundaries are approached. It is also hoped that a “neutron
confinement cell” currently under developm&will even-
tually allow NR to routinely probe complex fluid structures
éormed between solid surfaces in close approach and thus

This represents an estimate of when geometrical constrain
on membrane oscillation due to inter-membrane collision
approaches the lower structural limit on membrane oscilla
tion represented by i, Using the parameters derived from
our dilution fits for this systemp),~ 30 vol %. From Fig. 5
the transition between apparently spongelike local surfac
order to quasilamellar order apparently coincides with the
crossing of this concentration regime. It may be speculatea
that as pressure due to membrane fluctuations decreases wj
concentration that the sponge structure is no longer stabl\ér' CONCLUSION
against the ordering potential exerted by the solid surface. We have measured the local and near surface structure of

Within the limits of our simple fitting profile, which bulk sponge phases of CPCl-hexanol in heavy brine under
models the local surface depth profile only in terms of itsthe constraint of a proximate quartz surface by simultaneous
primary Fourier component and a simple exponential decayneasurement of NR and the NS-SANS signal in the reflec-
the zero phase position of the local membrane concentratiation plane on a neutron reflectometer with a one-dimensional
oscillation z, represents an approximate indication of theposition sensitive detector. The parameters derived from
center to center distance between the adsorbed surface layteese measurements have been compared to those obtained
and the average position of the first free membrane in solufrom conventional bulk SANS on the sponge samples and a
tion. The scaled parametego,, exhibits nearly ideal dilu- lamellar phase series covering the same range of membrane
tion behavior and is constant within errors about its mearvolume fractions.
value, 24.7-0.6 A, which is close to the surfactant mem- No significant difference was found between the reduced
brane thicknest, =25.6+0.5 A determined from the lamel- NS-SANS and bulk SANS measurements for the sponge
lar phase dilution series. So the separation of this first soluphases. This indicates that the surface conformation of the
tion layer from the surface is approximately the same as thighly fluid sponge phase extends less than a few into
periodicity we would expect in a lamellar phase without fluc-the bulk. The NR results agree with this finding and are
tuations at the same bulk membrane volume fraction. Thigonsistent with an adsorbed layer of membrane at the surface
suggests that in the structural accommodations necessary fand a symmetric oscillation of the membrane volume frac-
the bulk sponge phase to conform to the surface constraint®n about the bulk value that is damped out within a few
membrane fluctuations for this closest layer to the interfacéundred A of the surface for all our sponge samples. Obvi-
are suppressed at all concentrations. ously for any membrane fraction below 50 vol@®e., all our

It is interesting to(cautiously correlate our results with sample$ this symmetric oscillation about the bulk value
the SFA measurements made on AOT sponges over a similailoes not allow the membrane volume fraction in the solution
membrane volume fraction range by Antelatial®® (9-18  to reach 100%, so this model precludes the formation of a
vol %) and Petrowet al.” (20-50 vol %. First, we note that true lamellar ordering with a number of fully occupied layers
we observe about the number of membrane concentratioat the surface. We did explore a number of more complicated
volume fraction oscillations in the surface constrainedasymmetric models which allowed this to occur, as well as a
CPCl-hexanol sponge phases that one might expect from thrumber of other decay functiongncluding Gaussian and
SFA results on AOT sponges if we assume that the observestretched exponentjalNone gave a satisfactory fit to our NR
interactions begin to occur when surface ordered structuremeasurements.
associated with the approaching solid surfaces begin to over- At lower membrane volume fractions the surface layer-
lap significantly, i.e., there are about twice as many forcang periodicity we observed corresponds to the bulk sponge
steps as we observe distinct oscillations in the scatteringore size correlation peak as determined from SANS and
length density insets in Fig. 4. Like our concentration oscil-NS-SANS, but approaches the 25% smaller periodicities
lation decay constant normalized to the surface periodmeasured for lamellar systems at the same membrane vol-

irectly address the question of confinement indulcgdL 5
hase changes in AOT sponge systems.
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ume fraction at higher concentrations. Over this same rang&hereWL sin¢; is the geometric acceptance of the quartz—
of concentrations the bulk SANS dilution measurements fosolution interface of lengthh (80 mm for our cell, for a

the lamellar and sponge systems indicate that membrangeutron illuminated sample wid# (defined by a 19 mny
fluctuations are suppressed as geometric restrictions increagigh guard slit at the sample’s leading efigat angle of
ingly limit the longest wavelength mode the membraneincidences; ; and exp— uglo] corrects for absorption as the
structures can support. It is possible that this transition fl’OITheutron beam passes through the |engg] of the quartz

a sponge-like to a quasilamellar local surface structure indis|gp.

cates that significant contributions to the local free energy  gince the instrument slits are paralleltahe beam col-
from fluctuations are necessary to maintain the stability of gimation is loose in this direction and the specularly reflected
local spongelike ordering at the surface over an alignegheam can, and in the present case did, exceed the detector’s
lamellar ordering. The ideal lamellar dilution behavior of the 50 mm width somewhat. The factércorrects for this, rep-
zero phase position of the membrane concentration 0sCillggenting the fraction of the specularly reflected beam inter-
tion associated with the surface is apparently consistent W'tBepted over the detector's 50 mm width. It is easily deter-

this interpretation. Since, represents an approximation of \inaq since by reorienting the detector's 100 mm length

the distance from the surface adsorbed layer to the nearegfongg we can measure the specularly reflected beam over
free membranes in solution, this at least suggests that qug:-

. ts full width in this direction(FWHM of 42 mm, 18 mm
tuations are always suppressed for the closest membtanes, : S :
. : .~ .tms). The ratio of the reflected beam currents in this orien-
This concentration dependence has a humber of implica- . i N )
tation to that in the normak orientation gave a valué

tions for models of the local surface ordering of the mem- N for th f f. . d thi
branes. In the low concentration limit our observations sug-_ 0.71+0.04 for the reflectometer configuration used this se-

gest that such a model might well start from a picture of '€S of mgasqremefnts. h h | £ inci
sponge phase with passages that are distorted or limited |(51 Exabmllnatlotr: 0 !E.q.(,lAl) SI O\fNS that at ﬂa ngies ot inci-
direction in the proximity of the surface. On the other hand,?€"¢€ P¢€ ow the critical angle for unit re ecﬂw(yg., at
the high concentration limit and the behavior zf might angles of incidencey;<«a) the reflection cross section de-

suggest a model starting from a lamellar phase which is inpendsh only on sample CT" Q|men§|o?s, ;he angk:e of reflec-
creasingly defective with depth due to interlayer passagego_n’_t e measured specular intensity fractipand the trans-
mission through the full length of the quartz slab exp

which finally reach the orientational disorder exhibited by

sponge phase pores in the bulk. In either case, or in son{%__“Qll‘l]' Ata glvzr) mcllder;t n_eutron;lw; and cell S:?O”f'e”yf
alternative picture, the indications of a role for membranel!S allows us to directly obtain an absolute normalization o

fluctuation dynamics seem to indicate that a relatively SO_the cross section against the measured specularly reflected

.. . . 0,
phisticated treatment will be necessary to determine the eX1eutron currents. For the 11 and 20 vol % sponge samples

act nature of the local surface ordering revealed by our mee{—he solution bulk scat_termg Ie_n_gth delnsny IS greater than that
surements. of the quartz so a unit reflectivity region exists. The absolute

normalization from these two sampl&s=1 regions agreed
to within 3%. The averaged cross-section normalizatar
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APPENDIX A: NR/NS-SANS DATA REDUCTION
, _ X(1-R[Qrlai]) (1~ R[Qrlat]]). (A2)
Full simultaneous reduction of NR/NS-SANS data sets
n the current instrument conflgurgtlon pr oceeds by analyzin this expression, the instrumental solid angle per detector
ing the specular and off-specular signals in terms of the cros

. . ixel AQ e (4.0X 10~ ° steradianappearing in the first line
4 pixel
sections each represents. The total cross section of the m i€ corrected for refraction as it crosses the solution—quartz
sured specularly reflected neutron signal is related to th

| flocti fficiem b fhterface to give the in-solution solid angle; the second line
specular refiection coethiciel by and third lines are a rearrangement of the effective scattering
or=R[Qgl ai]]XWLsina;Xexd — uololXf, (A1)  volume Vg given previously in Egqs(4) and (5); while the
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final line is the correction for the transmission of the initial APPENDIX B: ACCURACY OF ABSOLUTE
beam incident at; and transmission of the scattered beamNORMALIZATIONS FOR SANS AND NS-SANS

back through the interface to exit at. Full details of data collection and correction for instru-
Since the NS-SANS signal is a background signal to theénental backgrounds, etc. for the ORNL SANS instrument
specular reflectivity signal while its transmission correctionhave been published in elsewhéfé*~“8 For the conven-
includes specular reflectivities evaluatedagtand «; a full  tional SANS measurements scattering intensities were con-
reduction of the NR/NS-SANS data set is necessarily an itverted to absolute differential cross sections by comparison

erative procedure. In the present case the NS-SANS signal With precalibrated secondary standards based on the mea-
much lower than the specular signal over the lawor «; ~ Surement of beam flux, vanadium incoherent cross section,

and the scattering from water and other reference matéfials.

angle range for which the transmission correction is signifi- lativel h R
cant. Therefore the normalized reflectivity without back- qu relatively gtrong scaFterers such as our.s,jt. o uncer
tainty from this source is the major contribution to uncer-

ground subtraction provides an adequate starting estimate f(t)arlinities in absolute normalization of conventional SANS

reflectivity values to be used for initial transmission correc- i~ The next highest in our case is determined by the ac-
tions used in determinations of the NS-SANS signal. curacy of transmission corrections. For our sampis

For each data set the NS-SANS signal was evaluated 204 for 2 mm thick sponge samples in standard fused
over the off-specular angular regions on either side of thejlica SANS Hellm&® cells. The measured transmissions
specular peak defined By;— a;| €[0.15°,0.59 along lines  simply scale measured SANS intensities and these uncertain-
of constantQ. . The values ofdXs/dQ'[Q,] determined ties for both sample and scattering standard propagate di-
from og in these off-specular pixels were in turn used torectly through the normalization in the usual way. With

improve the accuracy of the NS-SANS; background esti- smaller contributions from background and empty cell sub-
mates in the specular regiong{—a;)=0, to improve the fractions the absolute differential cross section uncertainty

for these measurementsis4%.
In our NS-SANS measurements absolute cross section

. . . normalization to an accuracy 6f2% was possible using the
flectivity improve estimates of the bulk scattering length |~ : ; "
R=1 specular reflection signal below the critical edge as a

dt?nsny and therefore the refraction correcteq angiesand calibration standard. However, in this more complicated scat-
at) necessary to evaluate the valueQif at a given detector ering geometry sample transmission measurements contrib-
pixel and the corresponding value dis/dQ)" from the e a larger uncertainty in the final determination of the ab-
expression fors. For the data presented here this reductionsolute  differential cross section uncertainty than in
procedure converged after only a couple of iterations. Th&onventional SANS. They contribute to the normalization
reduced data presented here represents the third iteration tfrough the appearance of total macroscopic cross sections,
this procedure. Ms, calculated from them in the relatively complicated ab-
We note that the dependence of the NS-SANS sigral Sorption correction dependence of the effective scattering

represented by E4A2), the consequences of which are seenVolume Vs of Egs.(4) and(5) appearing on the second and
in the data of Fig. &), makes the use of so-called “longitu- third lines of Eq.(A2). The dependence on both the quartz

dinal diffuse scans” an occasionally dubious method of de-SIab transmission ekpuol.] and incident beam widtW

termining nonsoecular backarounds to NR measurementappearing in the second line cancel out as common factors in
Oft g di Pt d g flectivi H the absolute normalization against the specular signals. To
en used In point detector reflectivity measurements, thesgaomine the transmission correction error we note that for

consist of measuring the off-specular scatteringeaequal 5 our samples fs— uo)L>1 us>uq o the sample ab-

to a; plus an offset, i.e., at a different scattering vector, at aorption correction factor on the third line in EGA2) is
different effective scattering volume and at different interfa-approximately equal to @/sL. Again a common factot.

cial transmissions to those pertaining for the nonspeculagancels out, and the dominant uncertainty in applying the
background at the position of the specular signal. The effectabsorption correction is simpl§(1/xg). Transmission mea-

of the mismatch between background and specular signgurements at 2.59 A on the reflectometer were made using
will be particularly marked when relatively well defined the 2 mm Hellma cell bulk SANS samples. The uncertainty
strong bulk scattering features exist; as, for instance, it the transmission measurement was agaiR%. Since
lamellar systems. Although in principle the results of such g*s= — IN[TVt, and ignoring uncertainties in the thicknésx

; L isi Hellma cells, we find thatdug/
scan could be corrected in a manner similar to that employeHﬁe precision 0 L KsiHs
here to obtain a better estimate of the background to thév(ﬁT/T)”n[n' I_:or the 8(.3t2/9 transm|ss_|on of the 11

0l % sample this uncertainty i 11%, while for the 60

specular signal, in practice it seems thazt this is rarely done. XLZ% transmission of the 46 vol % sample it4s7%. The
similar point was made by Schlomlea al. ?in their study of o largest contribution to the absolute normalization uncer-
specular and diffuse scattering from Si/Ge layers. tainty is the 6% error in the specular interception fractfon
The reduction procedure outlined above with transmis-= g 71+0.04, which applies as a constant scaling factor to
sion and resolution corrections applied as a function ofll four data sets. Other sample geometry contributions are
wavelength is also applicable to time-of-flight neutron mea-accurate to a few percent. For the series the uncertainty in the
surements. absolute normalization with respect to comparing the SANS

reflectivity determination. Likewise, the better determina-
tions of the true specular cross sectiop and specular re-
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and NS-SANS measurements varies from 9% to 12%. while maintaining the large scattering vector limit by a

simple modification of the ©@?p? term in Eq.(C4). So,
APPENDIX C: ANALYTIC SPONGE FORM FACTOR 2 ~ 2 2\2 1
APPROXIMATION (FRal Q1) = F[QI(mp?)

Q%p?+exf —2Q?R3/3]’

We begin with the one-dimensional form factor of an (C6)
idealized infinite surfactant bilayer in solution. Over a thick- which is the analytic form factor approximation used in the
nesst the scattering length density contrast with the solvenfits to the SANS data presented in Fig. 3. The behavior of
is AB. (In our case this thickness would g, the hydro- this analytic form factor was found to be essentially equiva-
carbon core width of the bilayer excluding the hydrated surdent to numerical calculations of the form factor used by Lei
face region. With the bilayer centered at=0 the form fac- et al?® based on discs of radilR and thickness, when the
tor is transverse radii of gyration for the two geometries were

F2[Q,]=(AB)2t2 sin@[Q,t/2]. cp equal iep=RN2.

Following Nalletet al,>® we note that intensity from a real

membrane structure is not actually zero@y=2x/t, and  AppeNDIX D: EXCESS AREA EACTOR DERIVATION

instead use their modified form,
22 The modified excess area factor for higher volume frac-
2<1_CO$QZ’[]€XF{QZ5 2D ) (c2)  tion fluctuating membrane systems presented ag Bj.of
Q§ Sec. V was derived as follows. We express the constagts
which may be viewed as the result of an averaging of Eq_and C, as the product of a geo_metric factor _describing the
(C1) over a distribution of the layer thickness value about gaverage membrane geometry W'thm.‘t fluctuatiGfisand an
meant with Gaussian widths. While the width could be a SXC€SS area factohea /Ay, the ratio of the real to pro-
free parameter in the fitting procedure we found good correlec'[ecj bilayer area in a fluctuating membrane system. So,
spondence with the numerical form factor of legial 2 with C=C'(Arcall Apro)- (DY)
6 fixed at Nalletet al’s value oft/4.
In cylindrical coordinatesr(,6,z) we can construct the
three dimensional form factor of a “discoid” by letting the

scattering length density contrast fall as xp/p?], where Area'~1+ kgT

FALQ.1=2(AB)

The Helfrict?351*2expression for the excess area factor due
to fluctuations may be put in the form,

Amax
p is simply a transverse radius of gyration of the membrane’s Aooi 4Tk | Amin
scattering length density contrast. The Nallet one-

dimensional form factor is now simply multplied by the two- Where T is the absolute temperature ard is the mem-
dimensional in-plane form factor, brane’s bending modulus\ ,,,x and A i, are the long and

5 5 ) short wavelength cutoffs of the membrane oscillations. The
Fral[Qr,Q1=FR[Q,1(mp?)? exd Q7 p?/2]. (C3)  long wavelength cutoff is determined the limit at which the

Now O=JO?+ 02 The scattering contrast volume corre- membrane can be considered to be _fr_eely fluctuating, ie.,
spon(;igng tgrthisQZform factor i$V§=w 2 tZ7 62 and its unobstructed and not affected by collisions. At a particular
three-dimensional radius of gyrationp is given HR,) temperature this _Iimit will be reached when the average
= JpZ+ (t2+ 59)/12. Note thatyt2+ &2 is simply the r?ns transverse excursion of the morgkgT/ kyA 2y €QUAals the
value of the contrast thickness over the distribution. Sincé/Srage separation t_Jetv_veen the membrane surfaces. The con-
for our choice of5=t/4 we haves?<t?, we will simply SNt of proportionalityis of order unity and model depen-
approximate this rms width byin the following expressions, dent. Usmg.the estimation from the unified microscopic
S0 V= mp?t andRy= 2+ t212. theory ofadllute Iamellar phases due to GolubO\aqd

At large scattering vectord>2m/p andQ>2/t) it is Lgbensl:])li "tvofl,‘j' gl;{e atv;IEeE/ZVE%/I%BZISZ;O.QZ, while
easy to obtain the average of random orientations of thi?Ierusc et al. estimated~ Shtts

form factor over the 4Q? surface of the Ewald sphere in " -I;) f'.rtSt or(lier yvetﬁan ?Dppromm?te" th? memb'rjme separa-
reciprocal space, ion by its value in the absence of rippléhe rigid mem-

brane limit, Ajea/ Apg=1), which is simply
(C4) do[ koe>KkgT]=C'ty=C'ty(1— dm)/ dwm - (D3)

2 2°
Q% Note the (1- ¢y) factor arising from the correction of the
We note that at small scattering vector the familiar Guinercenter to center correlation distance between membranes for
behavior for the form factor for an object of radius of gyra- the transverse average of the finite bilayer thickn€ss,, ,
tion Ry and volumeV is for a given geometry. For diléjée systems this factor iséézlose
2 ~ o 2 2052 to unity and may be neglectéd but as noted by Helfri
FGlQI = (AB)°V7exH ~ Q7Ry/3]. (€5 should be retained for systems such as ours with not
Examining Eqs(C2) and (C4) we find that we can re- much less than unity. Simply using this expression for the
move theQ= 0 singularity and force the Guinier behavior of separation gives the following first order estimate of the
Eq. (C5 to second order imQ at small scattering vector maximum,

: (D2)

(FRal Q1) = FRIQI(mp?)?
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Amado~XVo/KeTC ty(1=bu)/ b - (D4)  CyEs—hexanol-water system at membrane concentrations
up to 72 vol %. They found thal,¢,, was essentially con-

: ) : stant at membrane concentrations above 50 vol % after fall-
sures that it predicts the absence of room to oscillate aﬁ‘ug by about by one third from its value @y~ 1 vol %.
¢u—1, it gives an obviously unphysical limit of pe then ysed the simple dilution law at these higher con-
Amax/ Amin—0, 1.., it AllOWSA gy to be less than the short oo iatigns to obtain the membrane thickness for this system
wavelength cutoff. The physically consistent limit is that (as we could for ours above 30 vo)9&imilar ideal dilution

as ¢y—1 that Amax/_Ami”__’l (.exactly) {:md .thus law behavior for DMPCL , phases at higher concentrations
IN[Ama/ Amin]—0. To modify this estimate to give this cor- was noted and discussed by Desteal 58

rect high membrane concentration limit, while retaining its  gjce there only four data points in the sponge dilution

correct dilute Sﬁlu“ﬁn behawlor, V}’? can swgg)lyhadd 't INseries a three parameter fit will be overdetermined, making
quadrature to the short wavelength cutdff,.>> Thus we  nite error estimation difficult. We therefore fixet,./x at

While retaining the (- ¢),) term in this expression en-

use 50 A, the lamellar best fit value. For this fit,/kgT was
Ao =JA T2+ A2 D5 0.8+0.3, indistinguishable from its value for the lamellar
ma= \(Amado)+ Ami (b3) phase series, whil€4t,, was 31.2-0.7 A. From this latter
Substituting these expressions we obtain value and the membrane thickness value from the lamellar
o~ fit, ty =25.6-0.5 A, we obtain an estimate of the zero fluc-
debn=C"tm(Arearl Aproj) (B8 ation limit geometric area factor for the CPCl-hexanol—
and the estimate of the excess area factor becomes brine sponge phase &f;=1.25+0.004.
A kgT ko [ C'ty (1— 2
realzl+ B In 1+_o< M ( ¢M)) .
Aproj 87k KT\ Amin/X ¢y P, G. de Gennes, Rev. Mod. Phyd, 645(1992.
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